Plasma levels of high density lipoprotein cholesterol (HDL-C) are inversely proportional to the incidence of cardiovascular disease. Recent applications of modern proteomic technologies have identified upward of 50 distinct proteins associated with HDL particles with many of these newly discovered proteins implicating HDL in nonlipid transport processes including complement activation, acute phase response and innate immunity. However, almost all MS-based proteomic studies on HDL to date have utilized density gradient ultracentrifugation techniques for HDL isolation prior to analysis. These involve high shear forces and salt concentrations that can disrupt HDL protein interactions and alter particle function.
Introduction
Lipoproteins are dynamic particles composed of lipid and proteins called apolipoproteins. 1 They are formed in the liver, small intestine and certain macrophages and are secreted into the bloodstream where they mediate transport and metabolism of lipids. Chylomicrometers (CM) and very low and low density lipoproteins (VLDL/LDL) act in the delivery of dietary or liverderived triglycerides and cholesterol to peripheral tissues for use or storage. High density lipoproteins (HDL) are generally thought to mediate a process called reverse cholesterol transport (RCT), 2 involving the efflux of cholesterol from peripheral cells and its transport to the liver for excretion or recycling. High plasma levels of LDL and VLDL have been correlated with increased risk for cardiovascular disease (CVD) but HDL levels are inversely correlated. 3, 4 While HDL's role in RCT undoubtedly plays a major role in cardio-protection, recent studies indicate that HDL also possesses antioxidative 5 and anti-inflammatory 6, 7 properties that likely contribute to its cardio-protective effects.
To identify a mechanistic basis for these observed functions, research quickly focused on HDL apolipoproteins. 8 HDL are secreted from the liver as nascent phospholipid "discs" made stable by their association with the most abundant HDL protein apolipoprotein A-I (apoA-I). As these particles accumulate free cholesterol from peripheral tissues, HDL associated lecithin cholesterol acyl transferase (LCAT) esterifies fatty acids to free cholesterol to form cholesteryl esters which accumulate as a hydrophobic core in the particle, eventually resulting in a spherical morphology. Mature HDL can transfer cholesteryl esters to LDL in exchange for triglyceride via another HDL protein, cholesteryl ester transfer protein (CETP). Other proteins with roles outside of RCT have been identified on HDL. For example, paraoxonase-1 (Pon1) which may be responsible for HDL's ability to prevent oxidation of LDL particles; 9 oxidized LDL are a major contributing factor to atherosclerotic development. 10, 11 Recently, several groups have applied mass spectrometry (MS)-based proteomic technologies to identify nearly 100 protein components of HDL, 12 although there is only substantial agreement among studies on about 35 of these. 12 Many of these newly identified HDL associated proteins mediate functions that are surprisingly outside the realm of lipid transport and metabolism. For example, HDL was found to be a host for numerous protease inhibitors as well as mediators of the complement cascade, 13 suggesting a possible role for HDL in innate immunity. This raises interesting new possibilities for functional roles of HDL and suggests that many more remain to be discovered.
Despite these advances, a full proteomic understanding of HDL remains incomplete. To date, nearly all mass spectrometrybased proteomics studies of HDL have utilized density gradient ultracentrifugation (UC) based methods for the isolation of HDL from human plasma. This method is optimal for MSbased proteomics as it has the advantage of quantitatively floating the relatively light lipid-containing proteins away from the dense nonlipoprotein associated proteins. However, the separation involves high shear forces and prolonged exposure to elevated salt concentrations that likely alter HDL functionality and composition. For example, Van't Hooft et al. showed that about half of the apoE on HDL is dissociated during UC and, compared with gel filtration isolated HDL, UC isolated HDL interacted more avidly with the apoE receptor due to either changes in apoE conformation or depletion of other apolipoproteins. 14 Thus, there is a significant need to analyze the HDL proteome using alternative separation techniques. An attractive alternative is gel filtration chromatography, which separates plasma components by size. The separation can be performed quickly under physiological salt and shear conditions and thus is less likely to alter the HDL proteome. However, the significant disadvantage of this technique (and most other non-UC techniques) is the overlap between HDL and many high abundance plasma proteins. For example, abundant immunoglobulins can have a MW in the range of 150-900 kDa (depending on class) which overlaps with the 150-360 kDa mass range of most HDL particles. In addition, the presence of extremely high abundance small proteins, such as human albumin (40-60 mg/mL), can significantly contaminate HDL fractions. These contaminants can reduce MS detection of the desired HDL proteins due to ion suppression effects, or by forcing the instrument to devote the majority of its duty cycle to the MS/MS analysis of peptide ions derived from abundant, contaminant proteins. These issues have been major roadblocks to the use of noncentrifugal methods for HDL proteomic analysis.
In this study, we approached this problem in two ways. First, we derived gel filtration conditions that separate HDL from the bulk of high abundance low MW proteins such as albumin. Then we developed an affinity technique to specifically analyze only those proteins that are associated with plasma phospholipids. As a result, we have identified several new HDL associated proteins, provided more evidence that ultracentrifugal separations of HDL may modify its proteome, and demonstrated distinct distribution patterns for a variety of proteins between the different size HDL particles.
Experimental Section
Plasma Collection. Venous blood was collected from fasted (g12 h), apparently healthy normolipidemic (total cholesterol between 125-200 mg/dL; HDL-C g 40 mg/dL; triglycerides <150 mg/dL) male donors (ages: 21, 22 and 34) by a trained phlebotomist using BD Vacutainer Plus Plastic Citrate Tubes containing buffered sodium citrate (0.105 M) as an anticoagulant. Cellular components were pelleted by centrifugation at ∼1590× g for 15 min in a Horizon mini-E (Quest Diagnostics) at room temperature. Plasma was stored at 4°C until gel filtration separation, always within 16 h. Samples were never frozen.
Plasma Separation by Gel Filtration Chromatography.
Three-hundred seventy microliters of plasma from a single subject was applied directly to three Superdex 200 gel filtration columns (10/300 GL; GE Healthcare) arranged in series on an Ä KTA FPLC system (GE Healthcare). The sample processed at a flow rate of 0.3 mL/min in standard Tris buffer (STB) (10 mM Tris, 0.15 M NaCl, 1 mM EDTA, 0.2% NaN 3 ). Eluate was collected as 47 1.5-mL fractions on a Frac 900 fraction collector (GE healthcare) maintained at 4°C. Each fraction was assessed for protein, phospholipid and total cholesterol by colorimetric kits from Wako (Richmond, VA). For ether delipidation protein shift experiments, plasma (5 mL) was delipidated with butanoldi-isopropyl ether (40:60, 10 mL) according to a procedure described by Cham and Knowles. 15 The volume of freshly delipidated plasma was then adjusted with STB to match the protein concentration of normal plasma and applied to triple Superdex 200 columns exactly as with normal plasma. Fractions collected from delipidated plasma were not subjected to CSH treatment (described below).
Purification of Phospholipid-Containing Particles Using
Calcium Silicate Hydrate (CSH). To isolate lipoprotein particles from coeluting proteins in the collected fractions, we used a commercially available synthetic calcium silicate hydrate called Lipid Removal Agent (Supelco). This compound, developed for the removal of lipids in biopharmaceutical production, tightly binds lipids and lipoproteins. In a centrifuge tube, 45 µg of CSH (from 100 mg/mL stock solution in 50 mM ammonium bicarbonate) per 1 µg of PL in 400 µL of fraction were mixed gently for 30 min at room temperature. The CSH was then pelleted by centrifugation (∼2200× g for 2 min) in a minicentrifuge (Fisher) and the supernatant containing lipid-free plasma proteins was removed. The CSH was then washed with 50 mM ammonium bicarbonate (AB). All PL-containing fractions from each subject's FPLC separation were carried through this process individually.
Western Blotting for ApoA-I. Purified human apoA-I, UC isolated HDL, supernatant from CSH procedure, and SDS elution were run on 4-15% PAGE, then transferred to a PVDF membrane. Membranes were probed with rabbit antihuman apoA-I antibody (Calbiochem, 178422).
Mass Spectrometry Analysis of Fractions. HDL particles were subjected to trypsin digestion while still bound to the CSH. One and a half micrograms of sequencing grade trypsin (Promega) in 25 µL of 50 mM AB was added to each CSH pellet and incubated at 37°C overnight on a rotating plate. To collect the digested peptides, the CSH was washed with 125 µL of 50 mM AB. Peptides were first reduced and then carbamidomethylated with dithiothreitol (200 mM; 30 min at 37°C) and iodoacetamide (800 mM; 30 min at room temperature), respectively. Peptide solutions were then lyophilized to dryness and stored at -20°C until analyzed by mass spectrometry. Dried peptides were reconstituted in 15 µL of 0.1% formic acid in water. An Agilent 1100 series Autosampler/HPLC was used to draw 0.5 µL of sample and inject it onto a C18 reverse phase column (GRACE; 150 × 0.500 mm) where an acetonitrile concentration gradient (5-30% in water with 0.1% formic acid) was used to elute peptides for online ESI-MS/MS by a QStar XL mass spectrometer (Applied Biosystems). Column cleaning was performed automatically with 2 cycles of a 5-85% acetonitrile gradient lasting 15 min each between runs.
MS Data Analysis.
To identify the protein composition of particles contained in the various gel filtration fractions, peak lists generated from analysis of each fraction were scanned against the UniProtKB/Swiss-Prot Protein Knowledgebase (release 57.0, 03/2009) using both the Mascot (version 2.1) and X!Tandem (version 2007.01.01.1) search engines. Search criteria included: human taxonomy, variable modifications of Met oxidation and carbamidomethylation, both peptide tolerance and MS/MS tolerance were set to (0.15 Da, and up to 3 missed tryptic cleavage sites were allowed. Scaffold software (version Scaffold_2_04_00, Proteome Software) was used to validate MS/ MS based peptide and protein identifications. Peptide identification required a value of 90% probability (using data from both Mascot and X!Tandem) using the Peptide Prophet algorithm. 16 Positive protein identification also required a value of 90% probability by the Protein Prophet algorithm. 17 Also, a minimum of 2 peptides were required unless the protein in question was found with single peptide hits in multiple consecutive fractions that were consistent across all subjects.
Since equal volumes of sample were applied to the MS analysis, not equal protein contents, we reasoned that the relative amount of a given protein present in a given fraction should be proportional to the number of spectral counts (i.e., the number of MS/MS spectra assigned to a particular protein) in each fraction. In no case were conclusions made about the relative abundance of two different proteins on the basis of peptide counting. We have previously demonstrated that this approach provides a semiquantitative abundance pattern across the fractions that matches well with patterns derived from immunological analyses. 18
Results
Optimization of Gel Filtration Resolution for Human Plasma HDL. A widely used method for gel filtration-based separations of plasma lipoproteins involves the application of plasma to two Superose 6 columns (GE Healthcare) connected in series. This method has proven useful in analysis of the lipid content of plasma lipoproteins. 19 We began by evaluating this method in terms of its effectiveness in separating HDL proteins from the high abundance, nonlipidated proteins such as albumin. Figure 1a shows the protein and total cholesterol distribution of human plasma separated by the tandem Superose 6 protocol. The cholesterol peaks 1, 2, and 3 represent VLDL, LDL and HDL respectively. While the lipid peaks were well distinguished, it is clear that the HDL cholesterol peak underwent substantial overlap with the majority of plasma proteins (peak 4). To optimize separation of HDL from the abundant protein peak, we developed a method that utilized three Superdex 200 columns arranged in series ( Figure 1b) . In addition to the extra resolving power contributed by a third column, the Superdex 200 matrix pore size distribution allowed for greater resolution within the HDL size range. In this case, VLDL and LDL cholesterol ran together (peak 1 and 2) while HDL cholesterol distributed in a broad peak 3. It is clear that this protocol separates the majority of HDL cholesterol from the free plasma proteins evident in peak 4. Figure 2 shows an SDS-PAGE analysis that compared total human HDL isolated by ultracentrifugation vs a pooled sample of gel filtered HDL, volumes 30-35 mL in Figure 1b . The major HDL proteins apoA-I and apoA-II are visible in both samples. However, the GF sample still contained human albumin. We also observed higher molecular weight proteins in the GF sample that may or may not be truly associated with the HDL particles. Since further optimizations of the gel filtration protocol failed to significantly improve HDL separation from albumin, we elected to pursue methods that would allow affinity isolation of those proteins that were specifically associated with lipid.
Selection of Lipid Bound Proteins Using Calcium
Silicate Hydrate. After exploring a number of potential strategies for isolating lipid-bound proteins, we developed a method that utilizes a commercially available hydrated calcium silicate resin (CSH) with a high binding affinity for phospholipid. 20 In optimization experiments, we determined that 150 µg of CSH could bind about 1 µg of plasma phospholipid in STB at pH 8.0. We first tested the ability of CSH to sequester HDL and LDL that had been previously purified by ultracentrifugation. For both HDL and LDL, exposure to CSH resulted in the loss of 99.9% of both phospholipid and cholesterol in the flowthrough, indicating the quantitative binding of both lipoproteins to the resin (Table 1) . Additionally, the major protein components of both LDL (apoB, Figure 3a ) and HDL (apoA-I, Figure 3b ), were removed from solution after CSH (lanes 1 and 2) and were recovered from the resin with an SDS wash (lane 3). Figure 3c shows the HDL experiment as analyzed by Western blot using an anti-apoA-I antibody, confirming that apoA-I was almost completely removed from the supernatant (Figure 3c ). We next assessed the capacity of CSH to remove phospholipidcontaining particles from fractions produced by gel filtration chromatography. Figure 4a compares the phospholipid profile of plasma separated by the triple Superdex protocol before and after the fractions were treated with CSH. CSH was capable of quantitatively removing nearly all PL associated with the VLDL/ LDL peak as well as the major HDL peak. Interestingly, it failed to bind a small amount of PL that comigrates with plasma proteins. This may represent sequestered phospholipids or lyso-PC's that are tightly associated with small proteins. SDS-PAGE revealed that the CSH specifically removed apoA-I from the supernatant while allowing albumin and several other proteins to wash through (Figure 4b, lanes 1 and 2) . When the resin was boiled in sample buffer and analyzed by SDS-PAGE, it is clear that apoA-I and not albumin was retained on the resin (Figure 4b, lane 3) . Similarly, the same analysis performed with fraction 16 in the VLDL/LDL range showed that apoB ( Figure  4c , band at the top of the gel) was also selectively retained on the resin.
Given that PL binds extremely tightly to the resin by an unknown mechanism, we have not identified a practical way to recover CSH-bound lipoproteins intact, at least not in a manner consistent with subsequent mass spectrometry analysis. However, we found that we could trypsinize the particles while still in contact with the resin. The resulting peptides were then eluted from the resin and used for MS analysis. Since the lipid remains associated with the resin, it was not necessary to perform subsequent delipidation steps prior to the MS analysis. The obvious disadvantage of this approach is the possibility that certain hydrophobic peptides may remain associated with the lipid after trypsinization. However, we found that overall peptide detection and sequence coverage of most of the lower abundance HDL proteins analyzed by the CSH method was comparable to those isolated by UC without the CSH step (Supplemental Table 1 , Supporting Information).
ESI-MS/MS Analysis of Lipid-Associated Proteins.
Phospholipid-associated proteins in each PL-containing fraction were identified by LC-ESI-MS/MS and subsequent database searching using criteria described in the experimental section. Our analysis identified 81, 98, and 103 proteins across all fractions for the three subjects studied, of these, 79 were common across all subjects (detailed peptide identification information can be found in Supplement 4, Supporting Information). Many of these proteins had been shown to associate with UC-isolated HDL in previous studies, however many were potentially new phospholipid-associated proteins.
To evaluate the potential for phospholipid independent (i.e., nonspecific) binding to the resin, we performed a set of experiments where human plasma was first subjected to an ether based delipidation procedure shown to cause minimal protein denaturation, 15 prior to separation on the columns. The rationale was that lipid-associated proteins will migrate with a different apparent size after the lipid is removed. However, those that are not lipid-associated, but bind to CSH nonspecifically, should elute at the same volume. By monitoring shifts in protein elution patterns in delipidated vs control samples, we distinguished proteins that were most likely associated with lipid. An example of each case is shown in Figure 5 . Plasminogen is a common plasma zymogen, the precursor for plasmin, an enzyme responsible for dissolving blood clots. This protein is not known to be associated with lipid and its elution patterns failed to shift when plasma was delipidated ( Figure  5a ). However, a protein with an established association to HDL particles, complement component C3, showed a dramatic change in its elution pattern when plasma was delipidated prior to separation (Figure 5b ). All previously known HDL associated proteins identified in this study were found to undergo some degree of elution profile shift in response to delipidation. Moreover, apolipoprotein B, the primary protein component of LDL, showed similar behavior. Of the 79 proteins that passed our identification criteria for all three subjects studied, 43 proteins exhibited significant elution volume shifts in two independent delipidation experiments. Four proteins whose association with HDL has been previously established were detected but at levels too low to determine if a definitive shift had occurred. These were included in the analysis giving a total of 47 lipid associated proteins. Those proteins that failed to undergo a profile shift (i.e., those that bind the resin via mechanisms independent from PL) are shown in supplement Table 2 . The lipid-associated proteins are shown in Figure 6 along with the sum of their peptides across all PL-containing fractions collected from individual triple Superdex runs on all 3 subjects. Of the 47 proteins identified as lipid associated, 17 are newly identified as being associated with lipidated particles in plasma; these proteins are indicated with asterisks in Figure  6 . Of these 17 proteins, 14 were found to elute within fractions [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , which is where the majority of the apoA-I elutes. These fractions likely correspond to "HDL" as traditionally defined by gradient ultracentrifugation (see Discussion). The other 3 proteins, complement C1q subcomponent subunits B and C Figure 6 . Lipid-associated proteins identified in the plasmas of 3 normolipidemic donors. The proteins included in this list met all identification criteria laid out in the Experimental section and showed a shift in elution pattern after ether delipidation, indicating lipid association. The proteins are arranged according to the sum of identified peptides across all gel filtration fractions for all 3 subjects. Proteins indicated with an asterisk have not been previously described as lipid associated proteins, to our knowledge. and ficolin-3, comigrate with LDL/VLDL sized particles in fractions 13-18. Using HDL subfractions defined by density ultracentrifugation, we previously showed that HDL associated proteins can be grouped into different classifications depending on their distribution patterns between dense and light fractions of HDL. 18 Figure 7 displays the relative distribution of selected common HDL proteins across the gel filtration fractions while the elution patterns of all detected lipid-associated proteins are shown as a heat map in Figure 8 . Larger, apoB containing lipoproteins eluted in earlier fractions. ApoB protein abundance peaked at fraction 16 while apoA-I protein abundance peaked later in fraction 24. These protein distribution patterns correlated with the PL peaks indicated as "LDL" or "HDL" in Figure  4 . The major HDL proteins, apoA-I and apoA-II, were found in nearly all PL-containing fractions. Interestingly, the other lipid associated proteins distributed across fractions in distinct patterns. For example, several of the complement proteins identified seemed to be grouped primarily in fractions 22-24 while apoA-IV was concentrated to the smallest particles eluting in fractions 27 and 28.
Discussion
HDL is, by definition, distinguished in terms of particle density as originally exploited for separation by gradient ultracentrifugation. 21 Thus, one immediately encounters a nomenclature issue when attempting to separate these particles by methods that do not rely on density. In such a case, it is tempting to define HDL on the basis of its major protein apoA-I. However, it is clear from Figures 7, 8 , and previous studies 18 that apoB containing lipoproteins such as LDL also contain significant amounts of apoA-I. In this study, we have separated fresh plasma across a broad size range that includes the traditional VLDL, LDL, and HDL particle sizes. By treating all fractions with a phospholipid binding agent, we have technically measured proteins that are associated with plasma phospholipid, rather than any specific lipoprotein class. Nevertheless, to relate these gel filtration results to traditional definitions of HDL, we elected to use the presence of apoB, the core constituent of LDL as the key distinguisher. We therefore defined fractions 14-18 as the VLDL/LDL fraction due to the presence of apoB. The remaining fractions 19-29 were considered "HDL", though it is recognized that GF and UC isolate overlapping, but possibly distinct sets of particles. We suggest these particles might be better referred to as PLrich lipoproteins.
A recent study reported a proteomic analysis of fractions of human plasma collected by gel filtration on a single Superdex 200 column. 22 This study identified the majority of known HDL associated proteins but made no attempt to distinguish HDLassociated proteins from the multitude of abundant plasma proteins which coelute. In this work, we have overcome a major barrier standing in the way of using non-UC based methods to separate human plasma HDL for proteomic analysis. The use of the calcium silicate hydrate combined with optimized gel filtration conditions resulted in the identification of some 14 new proteins that associate with phospholipid in the HDL fractions.
We examined the Biological Process and Molecular Function Gene Ontology (GO) annotations for the 17 newly lipid associated proteins as well as the 30 previously identified HDL associated proteins found in this study. Our results were consistent with previous HDL proteome studies but also pointed out some potentially new functions (Figure 9 ). For each annotated function, we calculated its enrichment among either previously known (# of proteins with given function/30) or the newly identified (# of proteins with given function/17) lipid associated proteins found in this study. The statistical significance is given by p-values in parentheses. In addition to those identified by Vaisar et al., 13 we have identified 8 phospholipid associated proteins with known functions in the complement cascade. Three of these were found to comigrate with apoB containing lipoproteinsscomplement C1q subcomponent subunits B and C which function in activation of the classical pathway 23 and ficolin-3, which is involved in complement activation via the lectin pathway. 24 The remainder, complement C1s, C2, C5, factor B and plasma protease C1 inhibitor, were distributed across the HDL containing fractions. The addition of these proteins to HDL's repertoire further implicates the lipoprotein class in the complement pathway and innate immunity. This study also confirmed 6 other complement proteins previously described in Vaisar's study, bringing the total count of HDL associated proteins with roles in complement function to about 14. Interestingly, plasma protease C1 inhibitor also plays a role in blood coagulation along with heparin cofactor 2 and antithrombin III. Isolated HDL have been found to possess anticoagulant properties, 25 however the physical basis for this is not well understood. The presence of these proteins on HDL may begin to explain this observation.
Others have identified several HDL proteins belonging to the serine protease inhibitor (SERPIN) superfamily. 13, 18, 26, 27 In this study we have identified 2 previously unreported SERPIN proteins. The first, alpha-1-antichymotrypsin (AACT) is an acute phase protein secreted by the liver under inflammatory conditions and has inhibitory activity against several proteases. 28, 29 The second, pigment epithelium derived factor (PEDF), is a member of the serine protease superfamily but has no known protease inhibitor activity. 30 GO analysis annotated this protein as a positive regulator of neurogenesis, promoting the development and maintenance of motor neurons. 31 Recently, a causal role for PEDF in obesity induced insulin resistance has been identified. 32 The remaining newly identified proteins were linked to functions which have not yet been attributed to HDL. Known functions include skeletal development (tetranectin), 33 collagen fibril organization and visual perception (lumican), 34, 35 and signal transduction (insulin like growth factor binding protein acid labile subunit; ALS). 36 The latter is a liver secreted protein whose function is to bind to, and increase the half-life of, insulin like growth factor (IGF) in the plasma. Humans deficient in ALS exhibit decreased levels of plasma IGF-I, IGF-II and IGF binding protein 3 due to increased clearance. 37 The reason for HDL localization of these proteins is not yet apparent and invites future study.
In addition to discovering new HDL-associated proteins, the increased fractionation potential of GF has allowed us to visualize HDL protein distribution across particle size with unprecedented resolution. Figure 8 shows that most of the identified proteins were distributed in distinct patterns across the different sized particles. In a previous study, we separated human HDL into only 5 density subfractions by UC and also found that individual HDL proteins can be grouped with respect to their distributions among the subfractions. 18 In that study, we found that many of the lower abundance proteins tended to cluster in the densest subfractions which are generally suggestive of a smaller particle size. The results of the current study confirmed many of these classifications. For example, apoA-IV, alpha-1-antitrypsin and transthyretin were found exclusively in the densest HDL 3c fractions by UC and also in the smallest sized fractions by GF analysis. As in the UC study, common HDL proteins like apoA-I and apoA-II were distributed across the entire HDL range. However, there were several examples of proteins that exhibited different GF elution patterns than expected from the UC data. For example, apoL-I was exclusively found in the most dense particles by UC, but appeared in quite large HDL particles by GF. ApoE could be found distributed through all density subfractions by UC, but was focused in a rather tight pattern of larger HDL particles by GF. Although the correlation between particle density and size is not absolute, these observations lend support to the idea that high salt or sheer conditions encountered during UC separation of plasma may alter the distribution of certain proteins across HDL subpopulations. Indeed, the fact that 14 new proteins were identified by GF indicates that UC may even completely remove some of the more weakly associated HDL proteins. This highlights the importance of developing alternative separation and analysis strategies for characterizing the HDL proteome.
We have previously proposed that protein clusters detected in our UC study may be indicative of distinct subsets of HDL particles which might display unique biological functions. The current study revealed several interesting observations that support this idea. First, we noticed the tight comigration of apoL-I and haptoglobin related protein (HGRP). These are the active protein components of the trypanosome lytic factor (TLF) which is an HDL particle shown to have specific lytic activity against Trypansoma bruceii, a protozoan parasite from the class of organisms responsible for African Sleeping Sickness. 38 These proteins coelute in larger sized HDL fractions and also seem to comigrate to a lesser extent in LDL sized particles. This pair comprises one of the few biochemically characterized HDL subspecies with a defined function. Second, we noted several additional comigrating pairs including apoE and apoM, apoC-III and complement C4-B, complement C2 and insulin-like growth factor binding protein, and complement factor B and prothrombin. Although it is possible that these proteins may have comigrated by pure coincidence, it is reasonable to propose that they may participate in potential structural interactions that sequester them to the same set of HDL particles, perhaps to perform an as yet undefined function like the apoL-I and HGRP pair. In addition to sharing the similar GO functions, many of these newly identified proteins interact with known HDL proteins through physical interactions. When we examined the 47 proteins in the human protein-protein interaction network from the Human Protein Reference Database (HPRD), 39 we found 8 out of the 14 new HDL proteins have a direct interaction with the known HDL proteins, and an additional 3 can be connected to known HDL proteins by one intermediate protein ( Supplemental Figure 3 , Supporting Information). This supports the possibility of potential roles for these new proteins in HDL function. Further work, using additional orthogonal separation techniques as well as immunoprecipitation experiments, will be required to test this hypothesis.
Conclusions
We have developed new separation and analysis technologies that remove practical barriers to evaluating the HDL proteome using noncentrifugal separation techniques. This method identified new HDL associated proteins and added more weight to the growing body of evidence that distinct HDL subparticles exist that contain distinct sets of interacting proteins. Currently, therapeutic studies on cardiovascular disease are directed at raising total plasma HDL cholesterol (i.e., niacin and CETP inhibitors) without regard for the specific subspecies that may be altered. Further study of HDL subspecies may result in the identification of particles with superior cardioprotective properties or altogether new HDL functions. Knowledge of such subspecies may help to focus development of HDL modification strategies.
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